Introduction

33
In 1908, Allen Diefendorf, a psychiatrist, and Raymond Dodge, an experimental viors and to avoid the confounding effects of tasks that were "too complicated" or 43 had "too unusual demands" for chronically ill patients to perform. In this way, any 44 deficits found would suggest disease-related dysfunction in a potentially informa-45 tive neural system. Thus, from both scientific and methodological vantage points,
46
Diefendorf and Dodge's landmark study of eye movements in psychiatric patients 47 laid the foundation for investigations that continue to this day.
48
The first empirical study compared patients with dementia praecox (now schizo-49 phrenia), manic-depressive psychosis (now bipolar disorder), and various organic 50 conditions (e.g., epilepsy, neurosyphilis) with controls on simple pursuit and 51 saccade tasks. They found such a strong and selective association between impaired 52 smooth pursuit eye movements and dementia praecox that they described it as 53 "praecox pursuit". Surprisingly, the finding of a specific psychophysiological 54 abnormality that differentiated one major psychosis from other functional and 
144
In this chapter, we present an overview of selected topics relevant to the characteri-145 zation and pathophysiology of smooth pursuit ETD in schizophrenia. 
155
Pursuit has been divided into two phases, an initiation phase and a maintenance 156 phase, which differ in terms of the principal processes driving pursuit. When Saccades that occur during pursuit can be classified as compensatory or intru-196 sive. Compensatory saccades include catch-up and back-up saccades that reposition 197 the eyes on the target and thus reduce position error. Intrusive saccades, in contrast, 198 disrupt the correspondence between the eye and target position and increase posi-199 tion error. Three types of intrusive saccades have been included in the quantitative , followed by 312 ms of slowed smooth pursuit at 6 deg/s, then 110 ms of slowed smooth pursuit at 8 deg/s, followed by a saccade to return gaze to target location. Panel B: A small anticipatory saccade (or leading saccade, LS) with an amplitude of 2.7
, followed by 210 ms of slowed smooth pursuit at 7 deg/s. Reprinted with permission from Ross et al. (1999) U n c o r r e c t e d P r o o f 217 the degree of correspondence as "normal" or "abnormal," or by using an ordinal 218 scale to reflect varying degrees of deviation from the position trace (Fig. 4) .
219
Quantitative measures included frequency of velocity arrests, the natural logarithm 220 of the signal-to-noise ratio, root mean square error, and total saccade frequency, implicates a disturbance in the pursuit system for which CUSs are compensating.
238
Decreased gain with no increase in CUS suggests a pursuit disturbance as well as U n c o r r e c t e d P r o o f 242 specific components is an essential step both toward identifying the specific pro-243 cesses that underlie ETDs and identifying the pathophysiological substrates of 244 the deficits.
245
A recent meta-analysis of ETD in schizophrenia quantified the results of studies 246 that used global and specific measures (O'Driscoll and Callahan 2008). The analy-247 sis included studies comparing pursuit in schizophrenia patients and controls pub-248 lished subsequent to a 1993 review (Levy et al. 1993) . Fifty-nine studies met 249 criteria for inclusion and involved 2,107 schizophrenia patients and 1,965 controls. 250 A summary of mean effect sizes and 95% confidence intervals for different eye 251 tracking measures is shown in Fig. 5 Positive and negative values for effect sizes correspond to whether patients had higher or lower mean scores than controls, respectively.
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One advantage of global measures of ETD, in addition to their greater sensitivity 299 to between-group differences, is that they can be used to take into account the within-300 group heterogeneity in ways that specific measures often do not or cannot [see 301 (Gibbons et al. 1984 ; Levy et al. 1993) for detailed discussions of the use of mixture 302 analysis to resolve within-group heterogeneity; see (Levy et al. 2000) for an example 303 of how global and specific measures can be used in tandem to clarify the nature of 304 within-group heterogeneity; see (Buchsbaum and Rieder 1979) for a discussion of 305 the impact of heterogeneity on traditional between-group comparisons].
306
In both the above meta-analyses, it is important to note that the amount of 307 research devoted to different specific measures varied widely (e.g., from five studies 308 of schizophrenia for predictive gain to 42 for maintenance gain, and generally fewer 309 for each variable in relatives). Thus, for some of the newest measures where there 310 are not enough data currently to draw firm conclusions, there should be some caution 311 in interpretation.
4 Pathophysiology of ETD
313 Below, we discuss several different approaches to identifying the neural substrates 314 of ETD, each of which draws heavily on the effects of spontaneously occurring 315 lesions in humans and experimental lesions and single-cell recordings in nonhuman 316 primates. We begin with investigations of motion processing, a sensory function 317 mediated in extrastriatal regions, and proceed to investigations of higher-order 318 cognitive contributions that implicate regions later in the pursuit pathway. 319 
Behavioral Evaluations of the Contribution of Motion
320
Processing to ETD 321 A key component of the pursuit response is the processing of target velocity. This 322 component contributes more to pursuit initiation, or "open-loop" pursuit, than to 323 pursuit maintenance (Lisberger et al. 1987 ). This is because, generally, the stimulus 324 for pursuit initiation is the movement of a novel target across the retina, the velocity 325 of which must initially be estimated entirely perceptually. Once the maintenance 326 phase of pursuit begins, other components of the pursuit response -predictions 327 regarding target movement based on velocity memory, corollary discharge of the 328 motor command to sensory areas regarding movement of the eyes in the head and 329 the head in space, etc. -begin to contribute; at the same time, motion changes on 330 the retina (i.e., retinal slip) decrease as the eye and target are now moving at 331 approximately the same speed in the same direction. 
Psychophysical Judgment Studies of Motion Perception
360
Using a standard motion perception task, one early study addressed the question of 361 whether motion perception contributed to ETD in schizophrenia (Stuve et al. 1997) .
362
This study used a direction discrimination paradigm to assess motion perception in 363 patients with schizophrenia and controls. In this task, participants watch a screen 364 in which hundreds of dots move in random directions (illustrated in Fig. 8 ). The 365 proportion of dots that move in a fixed direction (i.e., "motion coherence") is U n c o r r e c t e d P r o o f 392 per se (examples of stimuli used for velocity discrimination, contrast detection, and 393 orientation discrimination tasks are shown in Fig. 6 ). Chen and colleagues used this 394 approach to establish a selective deficit in motion processing in schizophrenia that 395 correlated with pursuit performance. They found that non-hospitalized schizo-396 phrenia patients needed higher amounts of contrast than controls to detect small 397 differences in velocity (11 vs. 9 deg/s), but not to detect large differences in velocity 398 (15 vs. 5 deg/s) (Fig. 9, top) . The groups did not differ in detecting contrast or 399 orientation (Fig. 9, bottom) (Chen et al. 1999a) . The deficits were found in patients 400 (Fig. 10 ) and in their clinically unaffected relatives (Fig. 11) Differences were found in the last 40 ms of pursuit initiation, but not in the first 60 ms. Other investigators averaged across these epochs.
Eye Tracking Dysfunction in Schizophrenia: Characterization and Pathophysiology U n c o r r e c t e d P r o o f 501 and the finding could not be attributed to motor slowing. Other studies of prediction 502 have analyzed the speed of pursuit during brief periods when the target disappears. 503 Figure 14 shows an example of a paradigm used to evaluate the predictive compo-504 nent of pursuit. Masking the trajectory of the pursuit target for short periods (i.e., 505 500 ms) eliminates retinal feedback and requires that extraretinal information, such 506 as corollary discharge, velocity memory, and predictions regarding the target 507 movement, drive pursuit (Lisberger et al. 1987; ). The ratio 508 of eye velocity to target velocity during epochs when the target is masked (i.e., 509 predictive gain) indexes the efficacy of extraretinal signals in sustaining pursuit. 
522
The FEF contribution to pursuit has been studied in both nonhuman primates and 
563
An early imaging study relating neural activation to ETD found that reduced 564 FEF activation during an attentional task was correlated with measures of pursuit 565 quality outside the scanner (Ross et al. 1995) . Subsequent studies of ETD in patients 566 have compared the activation observed during smooth pursuit in schizophrenia 567 patients with that seen in controls. Results are somewhat difficult to summarize 568 across studies because coordinates differ by up to 4 cm across studies for both 569 putative MT/MST and for FEF. Setting these anatomical discrepancies aside, a few 570 studies have reported lower activation in schizophrenia patients than in controls in . The scatter in 579 coordinates for canonical regions does not occur in comparing pursuit to fixation, 580 but in comparing the pursuit-related activation in schizophrenia to pursuit-related 581 activation in controls. These outlying activations, which fall in the periphery of a 582 region of interest, could result from a comparison of two different size peaks (in 583 controls vs. patients) centered on the same location. Higher peaks have wider 584 peripheries (due to spatial smoothing), so two activations in the same location 585 may yield maximal statistical differences in the periphery of the peaks where 586 standard deviations for the group with the small peak will be very low.
587
There are several limitations in the interpretation of these studies. First, for most 588 studies, differences in activations between groups may not be due to ETD, but 589 rather to other factors associated with the diagnosis (e.g., medication, institutional-590 ization) that could affect brain function. To minimize these differences, Keedy and 591 colleagues (2006) included only first-episode, neuroleptic-naive patients; their 592 study found extensive deficits in pursuit activation, and the authors concluded 593 that there was a "system-wide" involvement of cortical oculomotor areas. Another 594 limitation of most of the studies is that schizophrenia patients with pursuit deficits 595 are compared with controls with no pursuit deficits. Since the groups differ in eye 596 tracking performance, activation differences between the groups may simply reflect 597 group differences in engagement in the task. Hong and colleagues attempted to 598 minimize this problem by comparing patients and controls who were matched for 599 average pursuit performance. Group differences in visual processing areas 600 (increased activation), and in FEFs and supplementary eye fields (decreases in U n c o r r e c t e d P r o o f schizophrenia), were still found (Hong et al. 2005b ). However, if there are no group differences in average pursuit performance, the extent to which the differences in 603 activation are attributable to pursuit rather than to diagnosis remains unclear. founded by neural differences that are specific to the diagnosis rather than to tracking.
608
A study that used this type of approach to examine ETD in unaffected first-degree 
628
The integrity of motion processing areas supporting pursuit has been assessed in 629 several imaging studies. One study had schizophrenia patients and controls make 
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